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WATER INJECTION FROM A 9° HEMISPHERE-CONE
INTO A HYPERSONIC AIRSTREAM

By William L.. Weaver and William F., Hinson
Langley Research Center

SUMMARY

Wind-tunnel tests in which water was injected from the sides of a 9° hemisphere-
cone (0.375-scale model of the RAM C spacecraft) through single- and multiple-orifice
nozzles were made at nominal Mach numbers of 7.3 and 10.4. Photographs and plots of
the water spray are presented. The measured outer limit of the water spray with single-
orifice injection was in agreement with that predicted by a previous correlation equation.
The maximum penetration with the multiple-orifice nozzle tests was correlated by the
dynamic-pressure ratio at the injection site.

INTRODUCTION

Project RAM (Radio Attenuation Measurements) at the Langley Research Center has
for several years studied the problem of radio-frequency signal blackout produced by
ionization surrounding a spacecraft during high-speed eniry into the earth's atmosphere.
The injection of liquid from the spacecraft into the ion plasma has been investigated in
Project RAM as a technique for solving the entry communications problem. Three flight
experiments have been conducted to test the technique. In two of these, water was injected
from the sides and stagnation region of a 9° hemisphere-cone spacecraft at entry speeds
of 5486 m/sec (ref. 1) and 7620 m/sec (ref. 2) (RAM B2 and C-I, respectively). In the
third test (ref. 3), water was injected from the GT-3 spacecraft during entry. In these
three tests, the effectiveness of relative amounts of water was compared by injection
through several nozzles containing different numbers of orifices. The concentrations of
the electrons in the flow field depend on the entry altitude and velocity and the size and
shape of the spacecraft, and the effectiveness of a liquid to create a window through which
signals may be transmitted by eliminating electrons depends on both the amount and the
proper distribution of the liquid in the flow field.

Several test programs have been conducted since the initiation of Project RAM to
study the penetration and distribution of liquid injectants in hypersonic airflow. In refer-
ence 4, water and liquid nitrogen were injected through single-orifice nozzles from the
sides and stagnation region of several blunt models including a scale model of the



RAM B2 spacecraft, Considerable testing with injection from single-orifice nozzles

from flat-plate models was done prior to these tests (refs. 5 to 11, for example), and the
relationship between injection from a flat plate and that from a three-dimensional blunt
body had not been established. In reference 3, water was injected through a single-orifice
nozzle from a scale model of the GT-3 spacecraft and through a pattern of several orifices
from the floor of the wind tunnel. No significant differences in penetration were observed
between these two types of injection, In the analyses of the data from the RAM B2 flight
and the injection experiment on the GT-3 flight, the penetration values used were pased

on the injection tests with single-orifice nozzles. The results of these analyses of the
RAM B2 and the GT-3 flights are presented in references 1 and 3, respectively.

Prior to the flight of RAM C-I, a wind-tunnel test program was conducted in which
water was injected through simulated nozzles of the flight injection system from the sides
of a 0.375-scale model of the RAM C spacecraft. Also included were some tests with
injection through single-orifice nozzles. The tests were made in the Ames 3.5-foot
hypersonic wind tunnel at nominal Mach numbers of 7.3 and 10.4. Tunnel conditions and
water pressure were varied to simulate a range of entry altitude conditions. The results

of these tests are presented in this paper.

SYMBOLS
Cp aerodynamic drag coefficient of jet
Dj jet diameter (single orifice)
Lj unit length of jet
m; water flow rate from all orifices (both sides of model)
mpg airflow rate through stream tube area equal to base area of model
M Mach number
P pressure
Py water pressure at orifices
qa dynamic pressure



2 2

ijj 5 or —pﬁl—z- dynamic-pressure ratio
PeoV o PLVL

T temperature

t time

v velocity

X,y coordinates defined in figure 6

xLy' coordinates defined in figure 6

Ay' maximum penetration of water spray relative to model surface
o} density

Subscripts:

h] water jet before breakup

t total condition in tunnel reservoir

°0 free stream

L local airflow conditions at injection site

TEST FACILITY AND APPARATUS

Wind Tunnel

The tests were conducted in the Ames 3.5-foot hypersonic wind tunnel. This facility
is of the blowdown type capable of operating at nominal Mach numbers of 5, 7, and 10 at
total pressures up to 13.55 X 108 N/mz. Total airstream temperatures up to 1170° K
are available for test times up to 4 minutes, Helium is injected through an annular slot
in the subsonic section of the nozzle to provide a layer of cool gas along the nozzle and
test-section walls. A simplified diagram of the facility is presented in figure 1.



Test Model and Nozzles

The model used in the investigation was a 0.375-scale model of the RAM C space-

craft. Photographs of the model plan view and installation in the Ames 3.5-foot hyper -
Figure 4 presents a

sonic wind tunnel are presented in figures 2 and 3, respectively.
The

schematic of the model and injection nozzles with pertinent details and dimensions.
model had a 5.715-cm-radius hemisphere followed by a 9° half-angle conical frustum.
Model shell structure was constructed from stainless steel which provided adequate heat
sink capability to prevent damage to the model. The two wedge fins at the model base
simulated the Langmuir probe configurations used on the full-scale spacecraft. The
model was sting-mounted with a six-component strain-gage balance. The balance mea-
sured changes in aerodynamic forces and moments produced by the injected water; how-

ever, these measurements are not included in this paper. The model nose structure was

constructed to receive interchangeable screw-in circular plugs which contained the vari-
ous nozzles (designated nozzles A, B, C, D, and E) shown in figure 4. The single orifices
of nozzles D and E are flush with the model surface. All plugs, when installed in the
model, interfaced with the plenum chamber in the model nose structure.

Water Injection System

Figure 5 is a schematic of the water injection system. Pressure for the system
was provided by a high-pressure gaseous nitrogen source. The nitrogen pressure was
regulated according to the particular test condition. The distilled water was filtered
with a 10-pm filter to insure particle-free water at the orifices. The flowmeter mea-
sured the water flow rates. Water "on and off" was controlled by a remotely operated
piston valve located in the model nose adjacent to the nozzle plenum chamber. A pres-
sure transducer was located in the plenum chamber to measure water pressure at the

nozzle,

TEST CONDITIONS

The data presented and discussed herein were obtained after the tunnel had reached
steady -state conditions. Total pressure and temperature in the tunnel supply reservoir
were monitored and recorded during all tests. Water pressure in the model plenum
chamber and the water flow rate were measured and were used to determine the exit
velocity of the water jets. A thermocouple measured water temperature in the plenum
chamber, and the temperature was found to remain approximately 289° K during all tests.
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Table Ilists each nozzle tested and several pertinent conditions for each test.
Also listed are several calculated flow parameters. The local aerodynamic flow prop-
erties PL, and VL) were computed at the injection site on the model in the absence of
water flow. The technigue employed included real-gas effects. Measurements of water
spray were made on only one side of the model, since the penetration is the same on both
sides because of flow symmetry.

RESULTS AND DISCUSSION

Basic Data

The measurements of the outer limit of the water spray were made from schlieren
photographs. A sketch of the coordinate system and pertinent penetration terms used
herein are presented in figure 6. For the configurations with nozzles A, B, D, and E, the
origin of the coordinate system is the model station corresponding to the center line of
the forward-most orifice; with nozzle C, the origin is the model station corresponding to
the center line of the second set of orifices from the nose. The reason for this choice
will become apparent in a subsequent discussion.

Figures 7 and 8 present photographs and plots of the measured outer limits of the
water spray. Pertinent test conditions are shown. The plots of figure 8 show that for
particular schlieren photographs the number of X,y points which could be measured varied
because as the water spray was swept downstream the outer limit became less discern-
ible and also the complete model could not be photographed because of limitations due to
the size of the schlieren window,

Jet Shielding

The schlieren photographs in figure 7 with nozzle C show that beginning with the
second row of jets in that nozzle there is an increased penetration over that of the first
row. Photographic comparisons of injection for nozzles A and C at similar test condi-
tions can be seen in the following figures: 7(a) with 7(b), 7(c) with 7(d), 7(k) with 7(z),
and 7(m) with 7(n). Figures 8(a) and 8(b) show the comparison plots of these tests.

The comparisons of figure 8(a) are at a Mach number of 7.26 and those of figure 8(b)
are at a Mach number of 10.37. The photographic comparisons indicate that the initial
penetration from the first set of jets in nozzle C is approximately the same as that from
nozzle A at similar test conditions, and the comparison plots show a significant increase
in the outer limit of the water when nozzle C is used.

The sketch of the hole pattern of nozzle C in figure 4 shows that the holes in the
second row are alined longitudinally behind those of the first row. Apparently the jets
from the first row of holes produce an area of low dynamic pressure in their wake and



thereby permit increased initial penetration of the jets from holes located in the low-
pressure region. It cannot be determined from the photographs (fig. 7) if all the jets
behind the first row are penetrating the same distance. The photographs of figures 7(g)
to 7(j), which show two comparisons between injection from nozzles B and C at similar
test conditions, indicate that the increased penetration seen with nozzle C is not present
with nozzle B. The sketch of the hole pattern of nozzle B in figure 4 shows that no holes
are alined directly behind others and thus no jets would be directly in the wake of other

jets.

Mach Number Effect

Figures 7(e) and 7(f) compare photographs of injection from nozzle C at Mach num-
bers of 7.26 and 10.57. The water-~system pressure was adjusted between the tests to pro-
duce similar dynamic-pressure ratios, The very good agreement in the plots of the outer
limit of the water spray for the two tests presented in figure 8(c) indicates that the local
dynamic pressure — not the Mach number - is the dominant factor influencing the pene-
tration of the water spray.

Single -Qrifice Injection

Figure 8(d) shows plots from the three tests with single-orifice nozzles. The upper
two plots compare the effects of the dynamic-pressure ratio on penetration with a con-
stant orifice diameter of 0.076 cm. The top and bottom plots show the effect of orifice
diameter (0.076 cm and 0.178 cm) on penetration at about the same dynamic-pressure

ratio.

Penetration Correlation

Single-orifice injection.- The authors of reference 12 developed an equation for
predicting the outer limit of the water spray for injection through a single orifice normal
to a flat plate in a hypersonic airstream. The dynamic-pressure ratio (ratio of jet
dynamic pressure to free-stream dynamic pressure) was found to be the only dynamic
factor in the equation. This equation was used to compute the outer limit of the water
spray for the three tests with single-orifice injection., The dynamic pressure of the air-
stream at the injection site in the flow field was used in this computation in place of the

free-stream dynamic pressure. The injection-site dynamic pressure %pLVL2 was

about one-half the free-stream dynamic pressure, and the local static pressure was about
one-fifth the free-stream dynamic pressure.

The comparisons of the measured outer limit of the water spray with that predicted
by the equation of reference 12 are shown in figure 9. The computations and measure-
ments were made relative to the model surface, but the comparison plots are in the

6



X,y coordinate system of figure 6. The good agreement indicates that this equation may
be used to predict the outer limit of the water spray for single-orifice injection in the
flow field of a body if the dynamic-pressure ratio is based on flow conditions at the injec-
tion site.

Multiple-orifice injection.- The injection from the multiple-orifice nozzles is com-
plicated by the possible interaction of jets within a cluster and, in some cases, by inter-
action of jets between clusters as seen in the shielding effect. Each nozzle probably has
its own injection characteristics, and a single equation to describe the coordinates of the
outer limit of the water spray would be very complex. The injection appears to be basi-
cally two-phased. In the initial phase the water acts like a coherent jet, and in the second
phase it is broken up by the airstream and is swept downstream in a spraylike condition.
The spray, in most cases, reaches a maximum distance from the model surface and then
remains essentially parallel to the surface.

These observations suggested that the maximum penetrations could be related to the
dynamic factor which influences initial jet penetration. The equation of the initial coher-
ent jet is presented in the appendix, and from the manipulation of this equation, the dynamic
factor is found to have the form of the square root of the local dynamic-pressure ratio.

In figure 10 the maximum spray penetration is plotted against this parameter for the tests
with nozzles A and C. Note that the local dynamic pressure at the injection site is used.
These data are limited, but there appears to be a trend toward good correlation for the
case of no shielding (nozzle A) and shielding (nozzle C). The shielding effect results in
penetration which is about twice that for the case of no shielding.

CONCLUDING REMARKS

Water was injected through single- and multiple-orifice nozzles from the sides of
a 0.375-scale model of the RAM C spacecraft. The basic data are presented in the form
of photographs and plots of the outer 1limit of the water spray.

The measured coordinates of the outer limit of the water spray for the tests with
the single-orifice injection are in good agreement with those computed by an equation
derived by Catton, Hill, and McRae (AIAA Journal, vol. 6, no. 11, 1968). The dynamic
pressure of the airstream at the injection site was used in the computation.

By manipulation of the equation of motion of a coherent jet in its initial state, it was
shown in the appendix that the initial penetration is proportional to the square root of the
local dynamic-pressure ratio. The square root of the local dynamic-pressure ratio is
shown to correlate the maximum water spray penetration for injection from the multiple-
orifice nozzles.



The penetration for some of the jets from a multiple-orifice nozzle in which some
jets were alined directly behind other jets was significantly increased due to an apparent
shielding produced by the forward jets.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 15, 1970.




APPENDIX
EQUATION OF A COHERENT JET IN ITS INITIAL STATE

The purpose of this appendix is to show that the dynamic factor which influences the
behavior of a coherent jet in its initial state (very near the injection site) is the square
root of the dynamic-pressure ratio at the injection site. The coordinate system employed
(fig. 6) has its origin at the injection site; x' is parallel to the model surface and y' is
in the direction of initial injection.

The y'-position of a unit section of the jet is given by

y' =Vt 1)
The aerodynamic force F,. acting on a section of the jet of unit length Lj along the
x'-axis is

(2)
where
_1 2
q, =5 PLVL
Now, by writing the mass of the section of the jet as
T 2
— p.D.“L.
4 PiPi
the acceleration X' can be written
2Cp; V2
g = oDPLYL 3)
™D;;
Assuming constant acceleration and integrating equation (3) twice with respect to time
results in
2
. CpPLVL” 9
X'= o 4)
™DiP;



APPENDIX - Concluded

Now eliminating time between equations (1) and (4) and solving for y' gives

Thus, the initial penetration of the jet is proportional to the square root of the local
dynamic-pressure ratio.

10

(5)
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TABLE I.- TEST CONDITIONS AND PENETRATION PARAMETERS

Tunnel conditions

Penetration parameters

Figure | Nozzle | p,, To | M Qoo Py Vi | PV ijj2 PV | P iVJ'Z e |
MN/m2 | OK © | kN/m2 | MN/m?2 m/sec o V_|p v, 2|0 Vy p VL2 | Mp
T(a) A 5.96 | 1094 K 7.26 ‘ 39.3 1.19 ‘ 35.98 | 646 | 16.40 924 31.3 1.5
() C 5.96 . 1067 . 7.26 39.4 1.19 , 35.98 636 16.00 901 30.6 ---
7(c) A 12.51 1062 17.26 83.4 1.46 39.94 334 9.55 478 | 18.1 0.8
7(d) C 13.03 1072 . 7.26 = 86.3 1.28 ‘ 37.31 301 8.00 430 - 15.3 5.0
T(e) C. 6.03 : 1028 | 7.26 39.6 2.00 | 46.72 830 ¢ 29.00 I 1187 55.4 13.7
7(f) C 13.55 1111 10.57 16.1 0.86 30.78 1400  29.70 © 1960 56.7 23.0
7() c 2.89 . 978 | 7.26 19.3  0.88 30.78 1064 = 245 1522  46.8 17.6 -
7(h) B 2.94 | 1044 ! 7.26 19.6 | 0.90 | 31.40 | 1110 | 25.1 1587 47.9 6.6
7(i) C 12,99 | 1100 7.26 85.6 1.46 39.94 331 9.3 473 17.8 5.5
7() B 1296 '1133 7.6 85.5 146 3994 331 9.3 473 17.8 2.0
) | A 085 | 861' 7.26 59 043 2164 2319 400 3316 | 764 55
() C 0.85 l 856 17.26 5.9 0.41 21.34 2287  38.8 3270 f 73.7 31.8
T(m) A 3.65 1108 10.37 4.7 0.43 21.64 = 3382 50.0 4735 ° 95.5 7.8
7(n) c 3.17 1064 10.37 4.1  0.41 21.34 3733 55.8 5226 106.6 60.0
7(0) D 0.85 1007 17.26 5.7 0.43 21.64 2591  41.3 3617 78.9 ---
7(p) D 0.85 1007 7.26 5.7 0.84 30.18 3613 179.0 5167 150.1 ---
@) E 0.86 897 17.26 5.9 0.42 21.34 2336  38.8 ——— 4.1  ---




€1

- st

To vacuum
Aftercooler

Diffuser\

Test section

Nozzle From vacuum

Natural-gas burner

/—Film cooling of

" nozzle and test
section

Helium separation plant,

Pebble-bed
evacuators and compressors

heater—___ f

Figure 1.- Diagram of Ames 3.5-foot hypersonic wind tunnel.
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Figure 2.~ Plan view of 0375-scale model of RAM C spacecraft.
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Figure 3.- Photograph of 0.375-scale model of RAM C spacecraft mounted in Ames 3.5-foot hypersonic wind funnel.
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Figure 4,- Schematic of model and nozzle configurations. All dimensions are in centimeters unless indicated otherwise.
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Ovuter limit of water spray

Figure 6.- Coordinate system and penetration terms.
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See figure 8 (a)

(c} Nozzle A; M, = 7.26; Vj = 39.94 m/sec;

L2 m:
Y 18.1; HL = 0.8,

2
PV B

figure 8 (a)

2 L-70-1504

p.

(b) Nozzle C (orifices on one side only); Moo= 7.26; Vj = 35.98 m/sec; ] ’2 = 30,6,
PV
L

Figure 7.- Schlieren photographs showing outer limits of water spray along with pertinent test conditions.
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‘See figure 8 (a)
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Figure 7.- Continued.
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lSee figure 8 (c)
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See figure 8 (c)
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Figure 7.- Continued.
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{g) Nozzle C; M., = 7.26; Vj = 30.78 m/sec;
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Figure 7.- Continued. L-70-1507
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See figure 8 (? o See figure 8 (d)

{0) Nozzle D; M= 7.26; Vj = 21.64 m/sec; (p} Nozzle D; M = 7.26; Vj = 30.18 m/sec;
pvi2 p Ve
=739, =501
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See figure 8 (d)

2
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(@) Nozzle E; Moo= 7.26; V; = 2134 m/sec; —J—J? =741

Figure 7,- Concluded. L-70-1509
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Figure 8,- Measured trajectories of outer limit of water spray.
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(d} Single-orifice injection at Moo = 7.26.

Figure 8.~ Concluded,
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